Introduction {#Sec1}
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Since its crystal structure was fully determined in 1996^[@CR1]^, Ca$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{6}$$\end{document}$ has garnered a large degree of attention due to its special atomic arrangements and peculiar magnetic properties. The discovery of stair-step jumps in the magnetization at regular intervals with an increasing applied field strength^[@CR2]--[@CR5]^ is indicative of the presence of quantum tunneling phenomena^[@CR6]^. This has triggered a flurry of theoretical and experimental research activities on Ca$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{6}$$\end{document}$^[@CR6]--[@CR13]^ and its close derivatives^[@CR14]--[@CR17]^.

One-dimensional chains are formed in Ca$\documentclass[12pt]{minimal}
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                \begin{document}$$ab$$\end{document}$-plane, the chains form a triangular-type lattice^[@CR1]^ (see Fig. [1](#Fig1){ref-type="fig"}). The intra-chain Co--Co coupling is ferromagnetic, while the inter-chain coupling is antiferromagnetic^[@CR2]^. The unusual magnetic properties, along with its Ising-like character^[@CR4],[@CR6],[@CR18]^, are linked to the geometrically frustrated crystal lattice.Fig. 1The crystal structure of Ca$\documentclass[12pt]{minimal}
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However, the origin or character of the presumed Ising magnetism is the subject of much discussion. To resolve this, one actually has to also simultaneously address the issue of the charge states of each of the two Co sites as well as their spin-states^[@CR7],[@CR8],[@CR19]--[@CR23]^. All of the previous studies relied on calculations of one type or another, with varying and conflicting outcomes, depending on what theoretical approach was used.
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                \begin{document}$$3d$$\end{document}$ transition can directly map out the shape of the local orbital hole density of an ion in its ground state, without the need to do any calculational modeling of the spectral lineshapes^[@CR24]^. We make use of the finding that dipole-forbidden transitions gain intensity when the NIXS experiment is carried out with large momentum transfers $\documentclass[12pt]{minimal}
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                \begin{document}$$3d$$\end{document}$ orbital that is at the core of the Ising behavior. Moreover, from the experimentally determined orbital occupations we are able to unequivocally establish both the charge and spin state of each of the two types of Co ions in the crystal.

Results {#Sec2}
=======

Acquiring NIXS spectra {#Sec3}
----------------------

Our experimental setup is illustrated in ref. ^[@CR24]^ and a general description of the inelastic X-ray scattering method is given in ref. ^[@CR26]^. Incoming X-rays ($\documentclass[12pt]{minimal}
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A collection of NIXS spectra measured at various sample angles is displayed in Fig. [2](#Fig2){ref-type="fig"}, all of which have been normalized to have the same maximum intensity at $\documentclass[12pt]{minimal}
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                \begin{document}$${M}_{1}$$\end{document}$ region has been subtracted using a linear background (see Methods).Fig. 2Survey spectra of scans from all sample rotation angles. The energy was scanned from the elastic peak (9.69 keV) to 450 eV above it, in order to observe the Compton scattering profile used for normalization. All calcium and cobalt absorption edges with core-level electron binding energies in the range can readily be seen. Of note is that dipole-forbidden Co $\documentclass[12pt]{minimal}
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The spectra in Fig. [3](#Fig3){ref-type="fig"} taken at different sample angles in the \[001\] to \[110\] plane are composed of several peaks. We show a selection of these spectra in Fig. [4](#Fig4){ref-type="fig"}a to demonstrate that we can discern three peaks, one at 100.7 eV, one at 104.2 eV, and one in-between at 102.1 eV. Once given our final results, one will see that there is good a posteriori justification for the presence of these three peaks, and the electron configurations in Fig. [4](#Fig4){ref-type="fig"}b.Fig. 4Voigt function fitting of experimental NIXS spectra. **a** The experimental spectra (black) were fit with Voigt functions that are a convolution between a 1.4 eV FWHM Gaussian function (to model the experimental resolution) and a 1.8 eV FWHM Lorentzian function (to model lifetime broadening). The component curves were integrated for each spectrum of Fig. [3](#Fig3){ref-type="fig"}, and this value is plotted on the polar plot of Fig. [5](#Fig5){ref-type="fig"}, as a function of sample angle. **b** A schematic energy level diagram for the Co$\documentclass[12pt]{minimal}
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Extracting orbitals from spectral lineshapes {#Sec4}
--------------------------------------------

To quantitatively analyze the spectra of Fig. [3](#Fig3){ref-type="fig"}, we decomposed each spectrum into a linear combination of these three peaks, for which we are interested in their individual intensities. As illustrated in Fig. [4](#Fig4){ref-type="fig"}a, we carried out a fitting procedure in which the peaks were fit with Voigt functions to model the 1.4 eV FWHM Gaussian experimental energy broadening, and the lifetime broadening, for which a 1.8 eV FWHM Lorentzian provides the optimal fit. When implementing the fitting procedure across the array of spectra of Fig. [3](#Fig3){ref-type="fig"}, the Gaussian and Lorentzian widths of the Voigt functions were fixed, as well as the peaks' central energy positions throughout; only the intensities were free to vary to obtain the best fit to the experimental spectra.

To properly appreciate the intensity variations in the spectra one must map them to a polar plot. This is shown in Fig. [5](#Fig5){ref-type="fig"}, which displays the results from the angular scans in the \[001\] to \[110\] plane. The integrated intensity of the fitted peaks are plotted as a function of the measurement angle $\documentclass[12pt]{minimal}
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                \begin{document}$$\varphi$$\end{document}$. The blue dots in Fig. [5](#Fig5){ref-type="fig"}a show the angular dependence of the intensity of the 104.2 eV peak, while the green dots in Fig. [5](#Fig5){ref-type="fig"}b show that of the summed intensities of the 100.7 and 102.1 eV peaks. Given that we are probing the hole density, we will see that there will be strong a posteriori justification at the end of this report for this particular choice of peak decomposition.Fig. 5Integrated intensities of the Co $\documentclass[12pt]{minimal}
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Analysis of imaged orbitals {#Sec5}
---------------------------

To interpret the four-lobe shape of the 104.2 eV polar plot (Fig. [5](#Fig5){ref-type="fig"}a), we start with the ansatz that the Co$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{\text{oct}}$$\end{document}$ site. However, the effect is small since the bond angles are only 3° off from the nominal 90°. In Supplementary Fig. [1](#MOESM1){ref-type="media"} we provide a breakdown of these three contributions to the fit of the four-lobe shape, as well as details on the crystal field calculations (Supplementary Table [1](#MOESM1){ref-type="media"}).^[@CR27],[@CR28]^

What follows is that due to (1), the experimental cut is a sum of a slice through the large $\documentclass[12pt]{minimal}
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                \begin{document}$${e}_{g}$$\end{document}$ lobes of the other site. These two octahedral sites along with the plane of the cut taken in the experiment are illustrated by the two lower 3D blue-yellow shapes in Fig. [5](#Fig5){ref-type="fig"}, which show identical planes, with only the sites rotated 45° from one another as in the real crystal. In regard to (2), this means that the sum of the two sites is not done at right angles to one another, but at 76.5°. This is evident in the polar plot of Fig. [5](#Fig5){ref-type="fig"}a, which shows the contributions from both sites as solid blue lines of different shades. Finally, (3) has the subtler effect of slightly altering the relative lobe intensities. Taking into account all these details of the crystal structure, the theoretically expected curve was calculated, and is shown as a black solid line in Fig. [5](#Fig5){ref-type="fig"}a---which is a sum of the two blue curves. The near-perfect agreement between the experimental data points and the calculated curve establishes that the ansatz is correct, i.e. that the Co$\documentclass[12pt]{minimal}
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We now focus our attention on the remaining intensity not yet accounted for, that is, the 100.7 and 102.1 eV peaks of Fig. [4](#Fig4){ref-type="fig"}, which must result from excitations at the Co$\documentclass[12pt]{minimal}
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                \begin{document}$$3{d}^{5}$$\end{document}$ situation. This experimentally deduced shape is plotted with red dots in Fig. [5](#Fig5){ref-type="fig"}b, and physically represents the orbital shape occupied by the sixth electron.

Only now are we in a position to recognize that this is a cut through the \[001\] to \[110\] plane of the donut-like $\documentclass[12pt]{minimal}
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                \begin{document}$${d}_{2}$$\end{document}$ orbital is shown as a gray solid line, which agrees very well with our experimental data points. To assist in visualizing the experimental cut through the total electron/hole density, we have plotted the 3D theoretical shapes (green--red shapes) of the corresponding cuts taken in the experiment (Fig. [5](#Fig5){ref-type="fig"}). This allows one to compare the cut in the 3D electron/hole density to the 2D data obtained in the experiment, where the highlighted outlines of the cross-sectional cuts of the 3D shapes in Fig. [5](#Fig5){ref-type="fig"} are the expected experimental curves.

To corroborate this description and to verify that it is indeed the $\documentclass[12pt]{minimal}
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                \begin{document}$${d}_{2}$$\end{document}$ orbital that is occupied by the sixth electron, we have also obtained experimental spectra in the \[100\] to \[010\] plane (perpendicular to the Co--Co chains). Shown in Fig. [6](#Fig6){ref-type="fig"}, we can see that the expected cross-sectional cut through the $\documentclass[12pt]{minimal}
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                \begin{document}$${d}^{5}$$\end{document}$ spherical hole density (pink). Again, the experimental red dots agree well with the calculated gray circular shape in Fig. [6](#Fig6){ref-type="fig"}. Note that Figs. [5](#Fig5){ref-type="fig"}b and [6](#Fig6){ref-type="fig"} are different projections of the same hole density shape, as such, the radial scales have be plotted to be identical, and can be quantitatively compared.Fig. 6The Co$\documentclass[12pt]{minimal}
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                \begin{document}$${d}^{5}$$\end{document}$ circular (spherical in 3D) hole density (pink), which is of the same radius as in Fig. [5](#Fig5){ref-type="fig"}. The insets show the calculated 3D shapes of the electorn and hole densities, along with the transparent gray planes that correspond to the experimental \[100\] to \[011\] cut. Again, we see that the circular shape of the $\documentclass[12pt]{minimal}
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                \begin{document}$${d}_{2}$$\end{document}$ orbital in this plane agrees well with our experimental data points.

We would like to note that by using the HS $\documentclass[12pt]{minimal}
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                \begin{document}$$3{d}^{6}$$\end{document}$. But it can also be simply validated on the grounds that any ansatz different than an HS configuration does not lead to a solution that reproduces the experimentally observed shape of the hole density.

We have also investigated the plausible alternative as suggested in the literature^[@CR7]^ in which the Co$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{\text{trig}}$$\end{document}$ site to be 2+ and HS. However, we show in Supplementary Figs. [2](#MOESM1){ref-type="media"} and [3](#MOESM1){ref-type="media"} that the corresponding fits do not reproduce the experimental data.

Discussion {#Sec6}
==========
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We are now able to retrospectively justify the identification and use of the three peaks in our experimental spectra required for producing the polar plots. First, we conclusively showed that the Co$\documentclass[12pt]{minimal}
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Utilizing the substantial intensity of the dipole-forbidden transitions available with s-NIXS, we are able to, in a straightforward fashion, observe the electron orbitals that are active in Ca$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{6}$$\end{document}$. Knowledge of these orbitals is necessary for theoretical models to more reliably calculate the various inter-site exchange interactions, and in turn to quantitatively model the magnetic structure, including the intriguing magnetization tunneling phenomena. Hence, the ability to experimentally observe the relevant electron orbitals without deviation to theoretical modeling is a powerful diagnosis tool for the design of novel materials. This is especially true in situations where one would like to make use of the delicate balance of competing interactions to stabilize a particular orbital state for a desired or optimized physical property. Future studies of this nature should open new avenues for the design of materials with unusual or optimized properties.

Methods {#Sec7}
=======

Experimental details {#Sec8}
--------------------

NIXS measurements were performed at the High-Resolution Dynamics Beamline P01 of the PETRA-III synchrotron in Hamburg, Germany. Figures in refs. ^[@CR24],\][@CR26]^ illustrate the experimental setup. They show the incoming beam ($\documentclass[12pt]{minimal}
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                \begin{document}$${\bf{q}}$$\end{document}$). The energy of the X-ray photon beam incident on the sample was tuned with an Si(111) double-reflection crystal monochromator. The photons scattered from the sample were collected and energy analyzed by an array of 12 spherically bent Si(660) crystal analyzers. The analyzers are arranged in a 3 × 4 configuration. The energy filtering of the analyzers ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\hslash {\omega }_{f}$$\end{document}$) was fixed at 9.69 keV; the energy loss NIXS spectra were measured by scanning the energy of the monochromator ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\hslash {\omega }_{i}$$\end{document}$). Each analyzer signal was individually recorded by a position-sensitive custom-made LAMBDA detector. The energy calibration and resolution were ensured by pixel-wise aligning the zero energy loss feature at each measurement angle from the 12 analyzers and summing the total signal; the experimental broadening for all spectra was measured to be 1.4 eV (FWHM), as determined by the elastic peak width. However, it should be noted that the lifetime broadening is about 1.8 eV for this experiment (as determined by the remaining Lorentzian broadening unaccounted for by the experimental Gaussian broadening), resulting in a total broadening of 2.6 eV. Therefore, any attempts to significantly improve total resolution (which always comes at a large cost in flux) will be limited by the lifetime broadening inherent in the experimental lineshape.

The positioning of the analyzer array determines the momentum transfer vector and the corresponding scattering triangle, which is defined by the incident and scattered photon momentum vectors, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\bf{k}}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}_{i}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\bf{k}}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}_{f}$$\end{document}$, respectively. The large scattering angle (2$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\theta =$$\end{document}$ 155°) and use of hard X-rays chosen for this study results in a large momentum transfer. For this experiment the magnitude of our momentum transfer vector was calculated to be $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\left|{\bf{q}}\right|={({{\bf{k}}}_{i}^{2}+{{\bf{k}}}_{f}^{2}-2| {{\bf{k}}}_{i}| | {{\bf{k}}}_{f}| \text{cos}(2\theta ))}^{1/2}=$$\end{document}$ (9.6 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\pm$$\end{document}$ 0.1) Å^−1^ when averaged over all analyzers. $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\bf{k}}}_{f}$$\end{document}$ and 2$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\theta$$\end{document}$ were kept constant by fixing the energy and the position of the analyzer array. Since the energy transfer range of interest (90--115  eV) is small with respect to the incident energy (\~ 9.8 keV), variation of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\bf{k}}}_{i}$$\end{document}$ during energy scanning is insignificant. This guarantees that the scattering triangle was maintained throughout the course of the experiment and that $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\left|{\bf{q}}\right|$$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\approx$$\end{document}$ constant.

Sample synthesis {#Sec9}
----------------
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Data treatment {#Sec10}
--------------

It is essential to the experiment that the normalization of the spectra is handled with care. A key observation is that the lineshape of the Compton profile does not change with angle, as can be seen from Fig. [2](#Fig2){ref-type="fig"}. This is fully consistent with the fact that the scattering geometry is kept constant while rotating the sample. On the other hand, what does vary is the experimental intensity of the Compton scattering, as this is dependent on the paths the X-rays take when entering and when scattered out of the sample. That is, the incidence angle of the X-rays relative to the sample surface varies as the sample is rotated, and therefore also the interaction depth of the X-rays and the sample. However, because the theoretical Compton scattering intensity is only proportional to the total electron density in the sample---and not the scattering geometry relative to the sample surface---we should expect that this remains constant through the experiment. Therefore, the spectra in Fig. [2](#Fig2){ref-type="fig"} were normalized such that the Compton peak at 370 eV energy transfer was of equal intensity; and the detailed spectra (Fig. [3](#Fig3){ref-type="fig"}) in the region of the Co $\documentclass[12pt]{minimal}
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